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Abstract
Dissipation mechanisms are experimentally studied on topological insulator surfaces of Bi2Te3,
where common Joule dissipation was observed to be suppressed due to topologically protected
surface states. Thus, a novel type of dissipation mechanism is observed by pendulum AFM, which
is related to single electron tunneling resonances into image potential states that are slightly above
the Bi2Te3 surface. The application of a magnetic field leads to the break down of the topological
protection of the surface states and restores the expected Joule dissipation process. Nanomechanical
energy dissipation experienced by the cantilever of pendulum AFM provides a novel source of
information on the dissipative nature of the quantum-tunneling phenomena on the topological
insulator surface.
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INTRODUCTION
Topological insulators (TI) attract great attention due to the potential use of the topo-
logically protected surface electronic states in advanced communications and information
processing systems, as well as in quantum computing [1]. The layered compound Bi2Te3
is a model TI with prevented electron back-scattering, long electron lifetimes [2–4] and re-
duced electrical resistance at low temperatures due to the effect of weak anti-localization
[5]. Although electronic properties of topological insulators have been studied extensively,
the frictional response of their surfaces is yet to be reported. The impact of electronic
structure and topologically protected surface states on the dissipative interaction between
an oscillating tip and the sample is the scope of the present study.
Image potential states (IPS) on metallic surfaces [6–12] resembling Rydberg series were
observed on several topological insulators [13–17], with the energy states lying slightly below
the vacuum level. Angle-resolved two-photon photoemission (2PPE) studies of Bi2Te2Se
surfaces reported on the first IPS to be at E = 4.5eV above Fermi level [15]. IPS are weakly
coupled to the bulk in comparison to the other surface states. The image potential states of
TIs have relatively long lifetimes in the order of fs, comparable to metallic surfaces [12]. In
Scanning Tunneling Spectroscopy (STS), IPS are detected as Gundlach oscillations, which is
a phenomenon of field emission resonance through IPS in the tip-sample gap [18]. The IPS
are located a few nm away from the surface with an increasing tendency for higher quantum
numbers n. The wave functions of IPS were reported to be extended up to 20nm away from
the surface in two photon photoemission experiments [19]. Although the presence of such
IPS is well known, their impact on non-contact energy dissipation is not explored, so far.
Atomic force microscope (AFM) utilising a cantilever oscillating like a tiny pendulum
over a surface is designed to measure extremely small non-contact energy dissipation and
serve as an ultra-sensitive, non-invasive spectroscopy method [20–22] (see Supplementary
Information section S1 and Supplementary Figure 1). It has been shown that non-contact
pendulum geometry AFM (pAFM) is sensitive to different types of energy loss mechanism in
non-contact regime, where the oscillating probe is separated from the sample by a vacuum
gap. In particular, phonon excitation [20], Joule ohmic dissipation [20] or van der Waals
dissipation [23, 24] were reported.
Here we combine Scanning Tunneling Spectroscopy (STS) with pAFM on a clean Bi2Te3
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surface (see Methods). The measurement setup is described in Figure 1(a). Rydberg-like
series of conductance maxima are observed by z-V spectroscopy, where the bias is swept
with an active feedback in constant current mode. Thus field emission resonances are very
well resolved up to the fifth order.
Mechanical dissipation measurements by pAFM show increased energy losses at discrete
separations and voltages up to distances of 14nm. Combined STM/pAFM measurements
reveal that the Gundlach oscillations are accompanied by increased mechanical dissipation.
Therefore, we interpret the enhanced dissipation losses at discrete separations and voltages
to charge fluctuations of the IPS. Tunneling processes lead to occupancy and de-occupancy
of the IPS, which is detected by pAFM. If magnetic fields are applied, we do observe that
Joule-type dissipation rises, which is presumably related to the destruction of the topological
protection, which opens the channel for scattering to bulk states giving rise to increased Joule
dissipation as it is more common on ordinary metallic surfaces [20].
RESULTS
Scanning Tunneling Microscopy imaging and bias dependent tunneling spectra
A typical Scanning Tunneling Spectroscopy (STS) spectrum taken at close tip-sample dis-
tances at 5K is presented in Figure 1(b). The inset shows an atomically resolved topography
image, acquired in constant current mode STM performed with a gold-coated cantilever tip
(see Methods for details of STM and STS measurements). Close to Fermi energy, the dI/dV
spectrum reveals a linear dependence on bias voltage and the linear part of the curve crosses
the voltage axis at about Vs = −0.3V bias voltage. Depending on the crystal growth con-
ditions and doping, values between -0.1V to -0.4V have been reported [15, 26, 27]. The
similar linear density of states, resembling a Dirac cone, is a signature of the topologically
protected surface state of pristine Bi2Te3 [28]. It is, therefore, reasonable to assume that
the topologically protected electronic structure of the Bi2Te3 surface is preserved [28].
z(V ) spectroscopy measurements were performed by a continuous sweep of the tip-sample
voltage while keeping the current constant by the STM feedback. Thus, the STM tip retracts
if there is an increase in the tunneling current, thereby revealing the Rydberg-like series of
electronic states as shown in Figure 1(c). The total change of tip-sample distance z observed
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FIG. 1. STM and STS measurements on the Bi2Te3 surface performed at T=5K.
a) Measurement protocol showing STM and AFM operating in pendulum geometry. The STM
operates at the closest tip-sample distance, while the pAFM nominal working distance is typically
larger than 3nm, b) STS showing the Dirac-like cone together with STM topography (inset).
dI/dV was numerically calculated from an I(V) curve and shows the Dirac-like cone. Tunneling
parameters: It = 80pA,Vs = 300mV. c) z(V) curve showing series of image potential states
confined between the STM tip and Bi2Te3 surface. The feature appearing close to 2V may originate
from surface/subsurface or interlayer defect states [29]. Steps present above 5V are the image
potential states of the crystal that are measured above the surface.
between the Vs = 1V − 10V voltage sweeps is about 2.5nm, showing 6 step-like increments.
The change of each ∆z step is about 300pm. The first peak (n=0) located close to Vs = 5V
is related to the local work function [10] of the surface. z(V ) spectra show a sequence of field
emission resonances numbered by the quantum numbers, n=0,1,2,3,4,5, which are visible in
the differentiated z(V ) curves as shown in Figure 2(a). Recent 2PPE experiments on bismuth
rich surfaces reported IPS [13–17], and apart from Rydberg-like series, a peak localized at
2.5eV energy, which is present in our STS data as well. In local probe measurements its
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presence is location dependent and thus it might be related to the subsurface defect or
interlayer/interface states (see Supplementary Figure 2 for location dependent experiments
and local z(V ) spectra) [29, 30]. It needs to be mentioned that, since the STM measurements
are performed with a tip mounted on a cantilever, the static deflection of the sensor was
monitored. Forces in the range of pN (see Supplementary Figure 3) were detected.
Field emission resonances probed by oscillating STM tip
We performed combined STM and AFM based spectroscopy measurements, by means
of z(V ) spectra obtained from pAFM running in STM mode, while the tip was oscillating.
Energy dissipation of the cantilever was monitored, while simultaneously measuring the tun-
neling current between the tip and the Bi2Te3 surface. The amplitude of lateral oscillations
during combined STM/AFM spectroscopy measurements by pAFM was set to ∼ 30pm.
Due to the geometry of the tip, this results in amplitude normal to the surface of 2 − 3pm
(see Supplementary Figure 4). This is two orders of magnitude smaller than the change of
tip-sample distance ∆z observed in z(V ) curves. In Figure 2(a) dz/dV data show the IPS
related resonances for static (black) and oscillating (red) STM tip.
IPS at bias voltages Vs > 5V are broadened by a factor of 2, while n=0 IPS at Vs = 4.8V is
almost unchanged in dynamic measurements compared to the static case (see Supplementary
Figure 5 for further discussion on the Full With and Half Maxima (FWHM) of the IPS). In
both cases, the FWHM indicates that IPS on Bi2Te3 surface are relatively long lived, with the
lifetime τ ∝ fs, in agreement with reported literature values [16]. The tip oscillation smears
out the IPS for n > 4, presumably due to reduced sensitivity at far distances and intermixing
of the states with high n by the tip induced oscillating tunneling barrier. Oscillating tip
STS measurements are used to perform simultaneous STM/STS and pAFM dissipation
spectroscopy measurements, as shown in Figure 2(b), where the series of IPS is accompanied
by changes in dissipation signal. Here, four IPS are visible. The dissipation signal rises for
each quantum number. The drop of the dissipation towards the maximum of the dz/dV
curves is related to the z retraction of the z(V) spectroscopy. Although the frictional response
of the AFM is known to depend on tip-sample distance and bias voltage that is applied
between the tip and the sample [20, 23], the simultaneous increase of the dissipation signal
and the correspondence to the series of IPS provides strong evidence that both phenomena
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FIG. 2. Series of field emission resonances measured with a static and oscillating STM
tip, and simultaneous energy dissipation measurement at T=5K. a) dz/dV measurements
performed at the same surface spot with static (black) and oscillating (red) STM tip. The amplitude
of lateral oscillation was 30 pm, and n enumerates the image potential states. The oscillating tip
causes a broadening of the IPS peaks that are shown in dz/dV(V) curve at Vs > 5V, while
n=0 IPS at Vs = 4.8V is unchanged in dynamic measurements as compared to static situation
b) simultaneous STS-dz/dV (violet) and AFM-dissipation (black) measurements performed by
oscillating tip. The field emission resonances observed in dz/dV spectra are accompanied by
changes in the dissipation spectrum.
are linked together, and the field emission resonances affect the mechanical nano-dissipation
on Bi2Te3 surface.
Dissipation spectroscopy measurements by pAFM
Apart from provoking conventional forms of energy dissipation mechanisms, such as
phonon and Joule losses [20, 31], the external perturbation caused by an oscillating tip
might push a finite quantum system towards a transition or a level crossing with subsequent
fluctuation and relaxation of the system, eventually resulting in the enhancement of energy
loss [21, 32, 33]. On Bi2Te3 surface, we claim that the energy losses occur when the oscillating
tip couples to the charge fluctuations of IPS due to electron tunneling. In the AFM mode,
the tip is retracted away from the STM operation distance and the feedback is switched from
STM to AFM operation. The tip is oscillated with 300−400pm lateral oscillation amplitude
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and the oscillations perpendicular to the sample are in the order of 30pm. Before measuring
dissipation, the tip-sample distance and oscillation amplitude are controlled in order to ex-
clude modulation currents due to the cantilever oscillation. After retraction, the sample bias
was swept between 10V to -10V while the tip is grounded and dissipation and frequency shift
spectra are recorded. The pendulum AFM voltage dependent measurements show parabolic
dependence of the frequency shift (∆f) and non-monotonic dissipation, as shown in Figure
3(a) (see Methods section for details about ∆f and dissipation signals). At 5nm tip-sample
separation, we observe the first peak in dissipation data located at V = ±7.4V and a second
peak at V = ±8.5V. Both are symmetric with respect to contact potential difference (CPD)
(see Supplementary Information section S3). This is in analogy to AFM measurements of
weakly coupled quantum dots [38] or molecules in break junctions [41], where the voltage
drop is divided across two capacitances (tip-molecule capacitance and molecule-sample ca-
pacitance). If the capacitances are comparable, symmetric case is observed. The ∆f signal
acquired simultaneously with dissipation signal shows deviations from the simple parabolic
dependence (see Supplementary Figure 6) which coincides with the position of the enhanced
dissipation, meaning after each dissipation peak, cantilever tip-sample capacitive coupling
changes and the tip is subject to slightly different force fields.
The distance dependence of energy dissipation is shown in Figure 3(b). The data were
obtained by approaching the tip towards the Bi2Te3 sample with a constant voltage of
Vs = 9V. Two main features are present in the dissipation versus distance spectra: Firstly,
a series of dissipation peaks at z = 2, 6, 10nm distances are observed. Secondly, we notice an
overall rise of dissipation plateau after tip approaches to the first dissipation peak. At
distances larger than z > 10nm the minimum value of damping coefficient is equal to
Γ = 7.0 · 10−10kg/s and then levels off to be about Γ = 2 · 10−9kg/s at closer tip-sample
distance. This rise of dissipation plateau after the first dissipation peak suggests the opening
of a specific dissipation channel at distances closer than z = 9nm and tip-sample voltage
Vs = 9V. Distance - dependent dissipation spectra measured at sample bias Vs 6 5V are
shown in Figure 3(c). The spectra show d−3/2 power law in agreement with the theory of
non-contact dissipation on thin metallic film on an insulator [24, 34].
The dissipation map in Figure 4(a) shows the distance and voltage dependence of the
damping coefficient Γ(V, z) of the cantilever. Red arrows mark the positions of the dissipa-
tion peaks on the map. The maxima are observed at non-zero biases even at close distances,
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FIG. 3. Voltage and distance dependent AFM dissipation measured at T=5K on Bi2Te3
surface. a) Tip-sample voltage dependent dissipation (black) taken at constant tip-sample dis-
tance, d=5nm, shows series of dissipation enhanced features marked by arrows positioned sym-
metrically with respect to bias voltage Vs = 0V and located around Vs = ±7.4V and Vs = ±8.5V.
Simultaneously with dissipation the frequency shift signal (red) was acquired. The lateral oscil-
lation amplitude was equal to 300pm (f0 = 269kHz, k = 58N/m.) b) Dissipation versus distance
spectrum taken at sample bias Vs = 9V. The dissipation peaks after subsequent opening of each
dissipation channel are observed as a rise of dissipation plateau for distances smaller than 10nm,
c) Dissipation spectra measured at sample bias Vs 6 5V follow d
−3/2 power law in agreement with
theory of non-contact dissipation on thin metallic film on an insulator [34]. On b and c the lateral
amplitude of cantilever oscillation was 400pm.
which indicates that dissipation is not force but voltage controlled. It has to be noted that
the van der Waals force present at lower biases cannot cause the discussed dissipation fea-
tures. Similar to the case of charging of quantum dots [32, 33], the amount of dissipated
energy is also in the order of tens of meV per cycle indicating a single electron tunneling
process. The position of dissipation peaks shifts linearly towards higher bias voltages with
increasing tip-sample distance due to the decrease of capacitive coupling between tip and
sample. This is shown in detail in Figure 4(b), and the measurement reported on lever
arm α = 3nm/V . Thus, at far distances, the voltages of dissipation features are shifted
compared to the voltages observed by STM, as shown in Figure 2. This can be understood
by taking into account that AFM data are influenced by the voltage drop across the vacuum
gap, which is divided by the two effective capacitances Ctip and Csub (see Figure 4(c)). At
very close distances below 4 nm, we observe a nonlinearity in tip-sample capacitive coupling.
This suggests that the tip radius R is approximately equal to 4nm [42]. The extrapolation
of the first dissipation maximum to the d ≤ 1nm, a working distance of STM, results in
8
FIG. 4. Energy dissipation map on Bi2Te3 plotted versus distance and tip-sample
voltage. Darker contrast represents four large dissipation features marked by red arrows. The
lateral amplitude of the cantilever oscillation was 400pm. The white rectangle marks the region
shown in b, b) shows the detailed zoom of the dissipation map for bias voltage between −9V <
Vs < −5V . Two dissipation features are visible, and for distances larger than 4nm they move to
larger voltages due to a decrease of capacitive coupling. The nonlinearity seen at distances d < 4nm
suggests that the tip radius is equal to about 4nm. The schematics of the tip-sample geometry and
the equivalent electrical circuit is shown in c, where R, d, z and S stands for tip radius, tip distance
to the IPS, the distance of IPS to the surface and tip projected ”active” surface area, respectively.
In analogy to break junction geometry the voltage drop is divided across two capacitances: tip-IPS
(Ctip) and IPS-Bi2Te3 surface (Csub).
comparable energy scale seen by STS.
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Dissipation measurements under magnetic field
To further examine the effect of magnetic field on the dissipation and corroborate on
the effect of weak anti-localization [5, 35] we performed the dissipation measurements under
external magnetic fields ranging from B = 0− 0.8T oriented perpendicularly to the sample
surface (see Figure 4(a)). The tip was positioned at a 5 nm distance above the surface.
As the magnetic field rises, dissipation maxima become less pronounced, and the overall
dissipation background raises as marked by green arrows in Figure 4(a). The spectrum
obtained for B = 0.8T resembles the common Joule dissipation parabolic shape obtained
on ordinary metal surfaces [20]. Moreover, we noticed the rise of the overall dissipation
background even for compensated CPD voltage (VCPD = 0V ) as shown in Figure 4(b). Thus,
we conclude that Joule dissipation, connected to bulk connectivity, rises for a magnetic field
B > 0.2T, where the spin-momentum locking appears to be destroyed, and back-scattering
becomes prominent. According to Kohler’s rule R(B)/R(0) ≈ 1+ (µB)2 [5, 36] the metallic
sample resistivity in the weak magnetic field limit exhibits a B2 dependence, where µ is the
mobility of the film. Since the dissipated power is proportional to the magnetoresistance of
the sample (see Supplementary Information section S2 for the relation of measured AFM
power dissipation to the sample resistivity), the dissipation curve should show a parabolic
dependence on B. The parabolic fit of the data for B > 0.2T is shown as a solid red
line. Accordingly, we conclude that AFM dissipation is sensitive to the effect of weak anti-
localization, the unique property of the topological matter and the suppression of Joule type
of dissipation on topologically protected surfaces is crucial for observation of dissipation due
to the presence of image potential states.
DISCUSSION
To corroborate onto the origin of observed energy dissipation we estimate the damping
coefficient following theoretical predictions for Joule dissipation as given by Volokitin et al.
[34] and formula (19.73) therein:
Γ =
(4πǫ0)
2w(V 2 + V 20 )R
1/2
29/2πσdfd3/2
(1)
The theoretical model considers a metallic film on top of an insulating/semiconducting
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FIG. 5. Energy dissipation as a function of the magnetic field measured at T=5K
on Bi2Te3 surface. (a) shows dissipation versus bias spectra for different external magnetic
fields. The tip is at a constant distance (z=5nm from the tunnel distance). The black curve
with well-pronounced dissipation peaks is for B = 0T. As the magnetic field rises, overall Joule
type of dissipation increases and dissipation features gets suppressed. This effect is best visible in
the proximity of the dissipation peaks as marked by arrows. A constant vertical shift is applied
to curves for visibility. (b) Dissipation versus voltage for different magnetic fields. No vertical
offset was applied to the curves. The black dots indicate the data shown in (c) where the relative
dissipation versus magnetic field is shown for Vs = VCPD. The strong rise of dissipated power
above B=0.2T is related to the breaking of topological protection of the surface state by the B
field. The red curve is a parabolic B2 fit to the data.
bulk substrate. Such a model accounts for the topologically protected electronic structure
of the sample and the measured dissipation versus distance (see Figure 3c) indeed follows
Γ ∝ d−3/2 dependence. A more detailed analysis with this model seems not adequate because
of the lack of knowledge of the parameters for the case of TI.
In Figure 4 (a,b) the dissipation maxima shifts with voltage and distance, due to voltage
division between Ctip and Csub as shown in Figure 4c. The symmetry of the curves is in
analogy to nc-AFM measurements of quantum dots [38] and molecules on thick insulators
[40]. The symmetric appearance is also common in break junction experiments, where
resonant tunneling is observed at both polarities [41]. At the voltages, where dissipation
maxima occur, we do observe small irregularities in the ∆f signal which fit well two capacitor
model with different values for Ctip = 0.17aF and Csub = 0.8aF (see Supplementary Figure
6) at d = 5nm tip-sample distance. The ratio Ctip/Csub = 0.2 gives the position of IPS above
the Bi2Te3 surface equal to z = 0.4nm, which is a realistic estimate. Moreover, experiments
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with different tip material show that the positions of dissipation peaks and related ∆f are
symmetric with respect to CPD (see Supplementary Fig. 8), as expected for a two-capacitor
model.
FIG. 6. Single electron tunneling between IPS of Bi2Te3 sample and an oscillating
AFM tip. With positive bias voltage applied to the sample, the conditions for single/few electron
resonant tunneling is created between tip and sample through the IPS at the gap. The tunneling
process increases the charge fluctuations in the system and thus enhances AFM dissipation. The
electric field applied between tip and sample is in the order of E ∽ 109V m−1, and the tip-IPS and
IPS-sample capacitances are marked Ctip and Csub respecitvely.
The observed dissipation features phenomenology fits the model (Figure 6) of resonance
tunneling on Bi2Te3 surface as follows. For a specific voltage and distance, the tunneling
leads to the occupation of the IPS. Electrons tunnel to the IPS continuously and the decay
time of occupied IPS is in the femtosecond range. The IPS charging and subsequent charge
relaxation lead to substantial charge fluctuations in the system and thus give rise to the
increase of mechanical dissipation. At large tip-sample distances, the AFM dissipation is
sensitive to single electron charging, unlike STM which averages over a large number of such
events. Thus, at AFM operation distances, the tunneling rate is far less to be detected as
a tunneling signal by the STM. Similar to the case of quantum dots [32, 38] the amount
of dissipated power is in the range of meV/cycle. It is worth to note that the effect might
occur either from the tip side or sample side as confirmed by dz/dV measurements (see
Supplementary Figure 7).
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Conclusion
Our low-temperature (T = 5K) AFM dissipation spectroscopy experiments showed multi-
ple mechanical dissipation mechanisms over a topological insulator surface. The dissipation
spectroscopy performed at tip-sample distances as large as several nm is sensitive to single
electron tunneling into IPS. We attribute the observed dissipation peaks to charge fluctua-
tion (van der Waals friction) in the system present when the IPS are occupied via single/few
electron tunneling. The observation of IPS related dissipation features requires the suppres-
sion of Joule type of losses that is very small or absent on topologically protected surfaces
due to lack of electron back-scattering. Joule and van der Waals type of energy losses are in
the same order of magnitude on Bi2Te3 surface. When an electron tunnels to the IPS, van
der Waals dissipation increases due to increased charge fluctuations, while Joule dissipation
decreases due to the screening effect. On the other hand, at larger magnetic fields (B>0.2T),
we observed an increase in Joule dissipation due to the increase in electron back-scattering.
As a result, dissipation peaks become less pronounced. The electronic characterization pro-
vided by the AFM mechanical dissipation peaks reported here may be used as an efficient
and completely noninvasive tool for topological surface analysis, of considerable importance
for nanotechnology. Finally, we demonstrated that pendulum AFM can address quantum
effects in energy dissipation.
METHODS
Sample
We used highly oriented Bi2Te3 and single crystal Bi2Te3 samples with resistivities: ρ =
0.1 − 5 mOhm ·cm, and carrier mobilities: µ = 3000cm2 · V −1s−1. Samples were cleaved
under atmospheric conditions and immediately after transferred into the UHV chamber.
Samples were heated to about T = 300oC to remove water and weakly bounded molecules.
After that, the crystal was introduced into the microscope chamber where it was cooled down
to T = 5K. We didn’t observe significant differences between annealed and not annealed
samples in our STM and pAFM measurements. Magnetic field experiments were done on
single crystal Bi2Te3 without magnetic impurities. We also used lump Bi2Te3 flakes that
may have more defects on the surface due to impurity doping.
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Sensor
All measurements were performed in ultra high vacuum (p < 10−10mbar) and at T=5K
with metallic gold coated ATEC-non-contact cantilever from Nanosensors. Spring constant
of the sensors was in the range of k = 40− 60N/m and cantilevers were robust/stiff enough
to use them as STM tips. The damping coefficient of such cantilevers was in the order of
Γ0 = 10
−10kg/s and normal forces were measured to be in the range of pN when we operate
the sensor in STM mode.
STM measurements
STM measurements were done in constant current mode. During z-V spectroscopy of IPS
on Bi2Te3 (0001) the voltage was swept while the current feedback was active. Thus, the tip
retracted from the surface as the voltage increased. We didn’t use regular/ordinary STM
tips that are metallic and rigid wires. The experiments were carried out with the flexible
STM tip. We gain information about the forces by monitoring the static bending of these
flexible probes. The scanning tip was metallic (gold coated) and free from uncompensated
charges in order to perform proper STS measurements and to avoid static bending of the
cantilever caused by electrostatic interaction. The same is valid to our AFM measurements,
although AFM nominal working distance is further away from the surface as compared to
STM.
AFM measurements
Force and dissipation measurements were done in pendulum-AFM mode (see Supplemen-
tary Information section S1 section for details) where cantilever oscillations were parallel to
the measured surface. Thus, conservative and dissipative interactions can be measured in the
non-contact regime. Lateral oscillation amplitude was kept constant by means of a Phase
Locked Loop and vary from A = 200pm to −500pm. Damping coefficient as a measure
of dissipation between tip and sample was measured at several tip-sample distances. The
non-contact friction coefficient was calculated according to [39]:
Γ = Γ0
(
Aexc(z)
Aexc,0
−
f(z)
f0
)
, (2)
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where Aexc(z) and f(z) are the distance-dependent excitation amplitude and resonance
frequency of the cantilever, and the suffix 0 refers to the free cantilever. The distance z = 0
corresponds to the point where the tip enters the contact regime, meaning that the cantilever
driving signal is saturated and the tunneling current starts to rise. Friction coefficient can
be converted into energy dissipation by:
P [eV/cycle] =
2π2A2f0
e
· Γ[kg/s], (3)
where A is the oscillation amplitude and e is the elementary charge.
Simultaneous STM and AFM measurements
We also performed simultaneous measurements where we used STM feedback and mea-
sured z-V by applying A = 30pm lateral oscillation to the tip. At the very close distance of
STM operation, much smaller amplitudes compared to regular AFM measurements have to
be applied. So, the modulation currents due to the oscillation of the cantilever are negligible,
and do not contribute to the STM feedback. In this mode, we gathered tunneling current
and dissipation signals simultaneously as well as force information.
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SUPPLEMENTARY INFORMATION
S1. Short Description of Pendulum AFM and Dissipation Mechanisms
Pendulum AFM (pAFM) is a unique home-built atomic force microscope dedicated to
measure extremely small forces over surfaces by shearing the vacuum gap between tip and
sample. To do so, extremely soft cantilevers (k = 10−5 - 10−3N/m) with high quality fac-
tors (Q ≈ 105 - 106 ) hover without contact perpendicularly to the sample surface in the
pendulum geometry while avoiding snap into the contact (see Supplementary Figure 1(a) ).
High Q-factor, together with extremely small k implies that the minimum detectable energy
loss might be in the order of µeV/cycle - a value orders of magnitude smaller compared to
standard AFM configurations. Pendulum AFM operates at 4.7K. It is also equipped with
a scanning tunneling microscopy (STM) line, which allows the characterization of the elec-
tronic structure of the measured surface. The system is equipped with two UHV chambers:
the preparation chamber to prepare atomically clean surfaces and the analysis chamber,
where the microscope is located. The analysis chamber is equipped with perpendicular
magnetic field spanning from B=-7T to +7T. In contrast to conventional contact friction
AFM measurements, in pendulum geometry AFM, the tip and the sample are separated
with a vacuum gap, and the end of the tip is oscillated above the surface and couples to
the electronic or phononic type of excitations via non-contact interaction forces (see Sup-
plementary Figure 1(b)). The non-invasive configuration and control over the tip distance
and voltage allow for linear response theoretical descriptions and permits to distinguish ex-
perimentally between different channels of mechanical dissipation. Three main dissipation
mechanisms that contribute are; (1) phononic and electronic friction whereby the moving
tip drags the surface atomic and electronic chemical potential deformation and the energy
is lost to the creation of phonons and (in metals) electron-hole pairs; (2) Joule dissipation
from local currents induced when the charged tip oscillates over a resistive medium; and (3)
van der Waals friction arises from the surface charge fluctuations.
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FIG. S1. Short description of pendulum AFM. a) Schematic drawing of pAFM cantilever
oscillating in pendulum geometry over the sample surface. b) Three main non-contact dissipa-
tion contributions are phononic and electronic friction whereby the surface atomic and electronic
deformation is dragged by the moving tip and the energy is lost to the creation of phonons and
(in metals) electron-hole pairs; Joule dissipation from local currents induced when the charged tip
oscillates over a resistive medium; van der Waals friction arises from the surface charge fluctuations.
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FIG. S2. Position dependent dz/dV and dissipation spectroscopy performed on flat (b),
(c) and defected (d),(e) area with an oscillating tip. (a) STM data of Bi2Te3 surface shows
structural defects. Spectroscopies were performed on a line on clean (black line) and structurally
defected area (red line) to see the spatial dependence of dz/dV and dissipation curves. (b) and (c)
shows that dissipation signal is correlated with dz/dV data and both of them don’t show position
dependent change. (d) and (e) shows that energy of the first IPS changes slightly on the defect,
dissipation signal shows more visible. Tunneling parameters, It = 95pA, Vs = 2V . Oscillation
amplitude Aosc = 30pm.
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FIG. S3. Static forces during STM measurements. Static force is measured simultaneously
during z-V spectroscopy. Static force is in the range of 10−10N for the measurements with os-
cillating (red) and non-oscillating (black) tip. z-V curves show that tip retracts ∼ 0.3 nm when
the tip is oscillated with lateral oscillation amplitude 30 pm. Static force slightly decreases due
to the retraction of an oscillated tip. Tunneling parameters; It = 96pA and Vs = 2V for both
measurements.
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FIG. S4. An asymmetric pendulum AFM tip. (a) SEM micrograph of the Nanosensors
- ATEC NcAu cantilever tip. (b) lateral oscillation with amplitude A leads to non-negligible
perpendicular amplitude of oscillation a⊥ (L is the cantilever length). (c) a⊥ versus A for ATEC
NcAu cantilever.
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FIG. S5. dz/dV(V) spectroscopy showing image potential states measured by static
and oscillating STM tip (a). On (b) the increase of FWHM of IPS peaks in dz/dV(V) spectra
are shown for dynamic situation compared to the static case. FWHM of the IPS peaks are measured
from the dz/dV(V) data and the states numbered with n=1,2,3 get broadened by a factor of two,
whereas state n=0 is almost unaffected by tip oscillations.
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S2. Displacement current and Joule dissipation:
Dissipated power
P = I2 ·R = VB · I (4)
where I, R, VB stand for displacement current, resistance and bias voltage. When a voltage
VB is applied between tip and sample the displacement current is equal to:
id = q˙(t) = C˙VB =
∂C
∂z
∂z
∂t
VB (5)
where C is tip-sample capacitance and the tip oscillations z(t) = Asin(ωt+ φ). Thus:
P = R · i2d = R
(
∂C
∂z
)2
V 2B
(
∂z
∂t
)2
(6)
where γ = R
(
∂C
∂z
)2
V 2B is the effective damping coefficient proportional to the resistance
of the sample. The dissipated power:
P = R
(
∂C
∂z
)2
V 2B
(
−Aω2sin(ωt+ φ)
)
(7)
and dissipated power averaged over one period of oscillations:
< P >=
1
2
RA2ω2V 2B
(
∂C
∂z
)2
(8)
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S3. Frequency shift (∆f) and two capacitor model:
FIG. S6. Voltage dependent frequency shift spectra at d = 5nm distance over the
surface. On (a) frequency shift parabola shows some singularities at the biases when single
electron charging of IPS occurs. The blue points are experimental data, while the red line is
simulated ∆f fit. The fit allows to estimate the tip-IPS (Ctip) and IPS-sample (Csub) capacitances.
The schmatics of the tip-sample geometry and the equvalent electrical circuit is shown in b, where
R, d, z and S stands for tip radius, tip distance to the IPS, distance of IPS to the surface and tip
projected ”active” surface area, respectively. ǫ0 and ǫr = 75 are vacuum permittivity and dilelectric
constant of Bi2Te3 , respectively.
The Ctip =
2πR2
d
= 0.17aF is estimated using spherical tip over the plane. The tip radius
was fixed to R = 3.9nm, in agreement with dissipation map shown in Figure 4(b).
The force is calculated according to formula [38];
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F = 1
(Ctip+Csub)2
∂Ctip
∂z
(
q2
2
− Csubq(V − VCPD) +
1
2
C2sub(V − VCPD)
2
)
where q = ne.
Next the frequency shift was calculated [38] and fit to the experimental data:
∆f(d) =
f2
0
kA
∫ 1/f0
0
F [d+ Acos(2πf0t)]cos(2πf0t)dt
The fitting parameters were: IPS-sample capacitance Csub = 0.8aF and perpendicular
component of oscillation amplitude A = 2pm. Thus,
Ctip
Csub
= 0.2
In order to validate the model, we estimate the distance z, namely distance above the
surface were IPS are located. Plane capacitor model was assumed: Csub =
ǫrǫ0S
z
, where
ǫr = ǫ(0) = 75 for Bi2Te3 was taken after [W. Richter, H. Koehler, C.R. Becker, A Raman
and infrared investigation of phonons in the rhombohedral V2-VI3 compounds, Phys. Status
Solidi (b) 84 (1977) 619]. ”Active” surface area of interaction was assumed to be equal
S = πz2.
Taking everything into consideration, we get: z = 2R
2
0.2dǫr
= 0.4nm, which is very realistic
estimate.
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S4. Measuring IPS of the tip with z-V and dissipation spectroscopy
In our system, the sample is biased, and the tip is grounded. When the sample is biased
positively, IPS of the sample is measured with z-V spectroscopy. IPS of the tip is probed if
the sample is negatively biased (see Supplementary Figure 7). The first peak of the dz/dV
(V) data is related to the work function of the sample, and its energy may depend on the
tip material and shape. A slight difference between the energy of the first peak of IPS of
the tip and the sample can be seen in Supplementary Figure 7.
Work function difference between the tip and the sample can be measured as contact
potential difference (CPD) using AFM. CPD value between the tip and the sample can be
found by measuring the bias where the dissipation spectrum is minimum. If the tip and
the sample are made from the same material, the CPD value would be 0 V. Supplementary
Figure 8. shows three different energy dissipation spectra with different CPD values. The
dissipation spectra are symmetric if CPD is 0V and asymmetry is measured to be increasing
with an increased CPD.
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FIG. S7. dz/dV(V) for positive and negative sample bias. The curve shows IPS of the sample at
positive biases and IPS of the tip at negative biases. The spectra showing IPS of the tip doesn’t
have very sharp peaks; however, it still shows that the energies of the states are comparable to the
energies of the IPS of the sample. Slight asymmetry in the energies of the first peaks is visible.
The energy of the first peak of the IPS of the tip is slightly higher than the energy of the first peak
of the IPS of the sample.
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FIG. S8. Energy dissipation versus bias voltage. Three dissipation curves are plotted in one
graph to show the symmetric and asymmetric cases around 0V. Asymmetry is proportional to the
measured CPD values. Measured CPD value may vary depending on the work functions of the tip
and the sample. The work function of bulk Au, Cr, and crystalline Bi2Te3 are 5.1, 4.5, and 5.3
eV, respectively. Slight asymmetry is seen in a blue curve, where CPD is measured -200mV. The
asymmetry is visible on the black curve where CPD is measured to be -605mV. Cr/Au mixture can
lead to a work function value between the work function of pure Au and Cr. The blue curve shows
that CPD value is equal to the work function difference between pure Au and Bi2Te3 . Bi2Te3 flake
can be picked up by the tip during the measurements, and this results with symmetric dissipation
signal as shown in the red curve. When the sample and tip are made of the same material, CPD
value is measured to be 0V.
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